Fiber Bragg grating (FBG) sensors based on the wavelength division multiplexing technology are ideally suited for structural health monitoring. In many applications, it is desirable to form several arrays of optical fiber sensors to monitor the response of structures. In the present study, we constructed an improved FBG sensor system using a wavelength-swept fiber laser which exhibits high output power for several sensor arrays.
INTRODUCTION
Most of the conventional damage-assessment and nondestructive inspection methods are time-consuming and are often difficult to implement on hard-to-reach-parts of the structure. For these reasons, a built-in assessment system must be developed to constantly monitor the structural integrity of critical components. Measuring structural response in the form of strains and deflections is of great interest.
Optical fiber sensors (OFSs) have shown a potential to perform real time health monitoring of the structures. They can be easily embedded or attached to the structures and are not affected by electro-magnetic fields. In addition, they have the flexibility of sensor size (µm~km) and very high sensitivity. These advantages of OFSs make them a potential solution for the sensor systems for smart structures [1] . FBG sensing based on wavelength division multiplexing (WDM) technology has attracted considerable research interest and appears to be ideally suited for structural health monitoring compared to other kinds of OFS [2] [3] . FBG sensors were practically applied to the health monitoring in many fields, such as large composite and concrete structures [4] [5] , marine vehicles [6] , aircraft [7] [8] . Since strain is wavelength encoded, the sensed signal is independent of power intensity of the light source and loss in the fiber optic network interconnecting the sensors. In many applications, it is desirable to form several arrays of optical sensors. In the case of Bragg gratings, such sensor arrays are easily made by connecting several Bragg gratings written at different wavelength serially in a line along the length of a single fiber and addressing each sensor individually using WDM techniques.
Recently, an interrogation technique based on the wavelength-swept fiber laser (WSFL) was developed [9] . This technique offers several attractive features compared to previous ones [10] [11] . First, it provides for high signal powers, since the full source output is available during the measurement of a given grating's Bragg wavelength.
Second, the wide tuning range of the source and its narrow instantaneous spectral line width allow for a large number of individual sensors within the array. However, this technique has lack of linearity through the tuning range. Since the piezoelectric material of the F-P tunable filter used in the WSFL has hysteresis, the behavior of the laser output wavelength exhibits nonlinearity in the sweep range relative to the linear modulation signal.
In this study, we constructed an improved FBG sensor system using a WSFL. We employed a fiber cavity etalon to eliminate the nonlinearity in the laser output wavelength and take real time wavelength data for signal processing. As a demonstration, the constructed FBG sensor system with the fiber cavity etalon was applied to real time strain measurements of a laminated composite panel under axial compressive loading. In order to monitor the structural strain in real time, a signalprocessing program was also developed using LabVIEW software for storing and visualizing of the strain data from the FBG sensors.
FIBER BRAGG GRATING SENSOR SYSTEM

Construction of the WSFL
The accurate detection of the Bragg wavelength shift is important for accurate strain measurements. For this purpose, the WSFL was constructed and employed in the present FBG sensor system. The WSFL has a scanning tunable filter in the cavity to sweep the laser output wavelength continuously in time and repeatedly over the range of a few tens of nanometers. and an F-P etalon. The WSFL was in a unidirectional ring configuration with isolators, a 3-dB output coupler, and an Er 3+ -doped fiber pumped by a laser diode at 980 nm.
The F-P tunable filter used as the intracavity scanning filter had a 3-dB bandwidth of 0.27 nm and a free spectral range of 58 nm. We modulate the F-P filter with a triangular waveform to produce a wavelength sweep over 40 nm from 1525 to 1565 nm at a 130
Hz repetition rate. The laser output was directed into the arrays of sensing gratings, and a reference grating (λ 0 =1529.4 nm) for temperature compensation and an F-P etalon. detector. As shown in the figure, the output of WSFL is the mode-locked pulses in the time domain and its repetition rate is 39 MHz, which is determined by the length of the laser cavity. The temporal width of one pulse is less than 1ns and its instantaneous line width is less than 0.1 nm. Since the spectrum of these pulses consists of the 39MHz signal, its harmonic terms and its envelope, low speed photo detector (1 MHz) is used to detect the envelope of the reflected grating signal in this study. The 1 MHz bandwidth of the detector was sufficient (>> 100kHz) to detect the envelope of the reflected pulses without distortion but low enough (<< 12 MHz) to integrate out the WSFL output whose pulse nature is smaller than 1 n-sec.
To compare the output power of the WSFL and the ASE of an LD-pumped Er 3+ -doped fiber (EDF) which was usually used in the previous studies [10] , the profiles were plotted together in the same log scale as shown in Fig. 4 . The profile of the WSFL was acquiring and holding the peak at each wavelength in the optical spectrum. The power of the WSFL was over 1000 times as large as that of ASE as shown in Fig. 4 .
Therefore, it is possible to use the high signal power of the WSFL to expand the number of sensor arrays using additional couplers and detectors.
The elimination of the nonlinearity of the WSFL output using an F-P etalon
An F-P etalon whose reflected signal has 1 nm free spectral range (FSR), the spacing between each resonance, was fabricated in order to remove the wavelength nonlinearity of the WSFL output. Since in general PZT has hysteresis, the PZT of an F-P tunable filter may be nonlinear with respect to a linear modulation signal. Errors caused by this phenomenon can be corrected using an F-P etalon. The multi-beam interference optical signal of the F-P etalon was used for the grid line that have identical spacing wavelength. In this study, we fabricated the F-P etalon to have a FSR of 1nm. The air gap between opposite two fibers in the F-P etalon is about 1185 µm.
The spacing between valleys of the reflected signal was compared in the Fig.7 shows the strain noise level measured by a FBG sensor. As shown in the Fig. 7 , the strain noise level is less than 2 micro strain. Fig. 8 shows the frequency bandwidth of the WSFL sensor system according to F-P Filter sweep frequency. The shaded region is available if LD pump power is lowered. For the filter sweep frequency larger than 1.1 KHz, the stable optical output could not be obtained and the possible wavelength range decreases with the increase of filter sweep frequency (14 nm span at 1.1KHz). For the maximum wavelength span, we modulated the F-P filter with 130 Hz in this study.
EXPERIMENTS AND RESULTS
In order to verify and demonstrate the constructed FBG sensor system, strain measurements of a laminated composite panel under compressive axial loading were carried out using the system. Poison's ratio, e.g., compressive axial loading and positive-negative out-of-planedeflection from the buckling. From the results shown in Fig. 11 , it is recognized that convex out-of-plane-deformation occurred toward rear side of a panel where FBG2, ESG2, and ESG3 were bonded. By this out-of-plane-deformation, additional tensional strain effect added on the ESG3, and additional compressive strain effect added on the FBG3 to the Poisson's ratio effect. These explain the behavior of FBG3 and ESG3.
Experimental results and discussion
In order to monitor the strain-state of the composite panel, LabVIEW software (National Instruments) supported with a graphical user interface (GUI) was utilized for the signal-processing program. The strain curves from the FBG sensors could be simultaneously plotted and stored by the PC with the LabVIEW program based on the schemes described in the subsection 2.3. Generally, plate or shell structures like laminated composite structures used in space vehicles, missiles, and aircraft may be failed by buckling. Therefore, it is very important to detect the buckling point by monitoring the behavior of the composite plate. We found that the constructed FBG sensor system could successfully monitor the behavior of the composite panel and detect the buckling load in real time. It is also expected that the developed FBG sensor system could be used to detect failure in the hard-to-reach-parts of a structure that are often difficult to access by most conventional damage-assessment and nondestructive inspection methods.
CONCLUSIONS
We constructed an improved FBG sensor system using the WSFL that has high output power. The nonlinearity of the WSFL was eliminated using an F-P etalon. It is confirmed that the FBG sensor system using WSFL with fiber cavity etalon as a wavelength reference (WSFLWI) could measure strain accurately. In order to monitor the structural strain in real time, the signal-processing program was also constructed using LabVIEW software for storage and visualizing the data. Three FBG sensors in a single optical fiber were used to measure strains of a laminated composite panel under -12 -compressive axial loading with the multiplexing technique. Experiments showed that the constructed FBG sensor system could successfully measure strains at multiple points and detect buckling in the composite laminated panel in real time. This improved FBG sensor system could be useful especially for large-scale structures which require a large number of sensor arrays.
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